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Abstract
Nociception is an organism’s ability to detect, process and reflexively respond to
potentially damaging stimuli. While the process of nociception has clear, protective
advantages, inappropriate and prolonged signaling can lead to chronic pain in humans.
Nociception is a vital and genetically conserved process, thus cold nociception in
Drosophila provides a model for identifying molecular components required for
nociceptor function in vertebrates. Drosophila Class III dendritic arborization (da)
neurons have previously been shown to be involved in the cold nociceptive response. Due
to the importance of fast response to damaging stimuli, we hypothesize that electrical
synapses are involved in cold nociception. Structurally, electrical synapses are gap
junctions, and Innexins form gap junctions. Eight genes comprise the innexin gene family
in Drosophila. In this study the expression and functionality of each innexin has been
analyzed by RNAi knock down or with a loss-of-function ogre (inx1) mutant was also
analyzed. Functionality was assessed with a cold behavioral assay. The wild-type
Drosophila larvae exhibit a full body cringe response is easily quantified in these assays.
Statistical comparison of the number of cringers for the RNAi knockdown of an innexin
and its experimental control gave insight into an innexins potential involvement in cold
nociception. By comparing the behavioral data and the expression data the innexins that
are the strongest candidates for cold nociception function are ogre (inx1), inx2, zpg
(inx4), inx5 and shakB (inx8). Future studies will further characterize these innexins role
in cold nociception.
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Introduction
Nociception:
An organism’s ability to sense and respond to potentially damaging stimuli is an
essential mechanism to ensure its survival (Bell, 2018). Nociception is an organism’s
ability to detect and reflexively respond to damaging stimuli in the environment and give
rise to the conscious perception of pain (Bell, 2018). The peripheral nervous system
transduces the sensory stimulus, converting it into neural potentials and then the central
nervous system encodes and processes it. Nociception in vertebrates permits them to
process stimuli in the spinal cord and perform a withdrawal response to potentially
noxious stimuli (Baliki and Aprakrian, 2016; Bell, 2018). The stimulus signal reaches the
spinal cord and then the spinal relays out a message to the muscles to perform a
withdrawal response (Baliki and Aprakrian, 2016). The signal from the stimuli is
simultaneously passed onto the brain in order to process it as painful (Baliki and
Aprakrian, 2016). An example of a withdrawal response is the retraction of a hand after
its placed on to a hot surface.
In comparison with vertebrates, less is known about the pathways of invertebrate
nociception. Although the neural networking differs, and there is debate over whether
invertebrates feel pain, aspects at the molecular and cellular level of nociceptors are
conserved (Milinkeyviciute et al., 2012). Both invertebrates and vertebrates utilize
peripheral sensory neurons in their reflexive nociceptive pathways, and these neurons are
structurally similar in both organisms.
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Drosophila: A Model Organism:
Nociception is an evolutionarily conserved process, and thus there are many
mechanisms and conserved genes between invertebrates and vertebrates (Milinkeviciute
et al., 2012). For example, for thermal nociception, several genes are conserved between
vertebrates and invertebrates (Honjo et al., 2016). The homolog of the Drosophila gene
highwire is MYCBP2 in mammals, and both are involved in heat nociception and
neuronal growth (Holland et al., 2011). Based on results from knockdown experiments,
highwire is involved in hypersensitivity to heat similarly to that of MYCBP2 in mammals
(Honjo et al., 2016). Both Drosophila and mammals have a TRPA1 (Transient Receptor
Potential) channel that is essential for heat and mechanical nociception (Zhong et al.,
2012). The conservation between Drosophila and mammals is a primary reason to utilize
Drosophila as a model organism for nociception.
Like vertebrate nociceptive pathways, Drosophila also utilizes sensory neurons to
transduce stimuli (Tobin and Bargmann, 2004). These sensory neurons are the
nociceptors that detect and transmit noxious stimuli (Tobin and Bargmann, 2004). These
nociceptors are a part of the peripheral nervous system of both invertebrates and
vertebrates (Tobin and Bargmann, 2004). In both cases, the nociceptors tile the epidermis
of the organism allowing for a fast response to potentially damaging stimuli
(Milinkeviciute et al., 2012). Drosophila nociceptors are also present at larval stages and
later in the adult fruit, which allows for the study of these nociceptors at different stages
of life (Milinkeviciute et al., 2012).
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Another reason to utilize Drosophila in nociception assays is due to their
characteristic responses to noxious stimuli. These characteristic behaviors are ideal for
measuring their responses to noxious stimuli, and thus easier to measure in behavioral
assays in determining functioning genes within a nociceptive pathway. For example, a
cringe response to noxious cold, which is the contraction of the larval body, has been
used previously in nociceptive studies (Turner et al., 2016).
Drosophila Peripheral Nervous System:
The peripheral nervous system (PNS) of Drosophila consists of two classes of
sensory neurons, type I neurons and type II neurons. Type II neurons are referred to as
multi-dendritic (md) (Tobin and Bargmann, 2004). There are three subtypes of md
neurons, the tracheal dendrite (md-td), the bipolar dendrites (md-bd) and the dendritic
arborization neurons (da) (Bodmer and Jan, 1987). Within the da neuron class, there is a
further division into four classes, Class I, Class II, Class III and Class IV (Fig. 1; Greuber
et al., 2002). This division is based upon their terminal branch length, and arbor size and
complexity (Greuber et al., 2002). Class I is the least complex of the da neurons and each
class after that has increasing complexity (Fig. 1). Each one of these da classes has
specific targets within the CNS of the Drosophila (Greuber et al., 2007). Long primary
and secondary dendritic branches and spikes characterize Class III da neurons (Greuber et
al., 2007). Class III da neurons are the most abundant of the da neurons (Greuber et al.,
2002). Studies reveal da neurons function as nociceptors in Drosophila larvae (Hwang et
al., 2008; Zhong, 2012; Turner et al., 2016). For example, Class IV da neurons are
necessary and essential nociceptors for mechanical and high temperature nociception
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(Hwang et al., 2007). When Class IV da neurons function was inhibited, both mechanical
and thermal nociception was impaired (Hwang et al., 2007).

Figure 1. Drosophila dendritic arborization (da) neuron morphology. Examples of
the four classes of da neurons found within third instar larvae Structural
complexity increases incrementally between Class I and Class IV da neurons
(Figure modified from Greuber et al. 2007).

These invertebrate nociceptors resemble vertebrate nociceptors morphologically.
The da neuron axons extend into the ventral nerve cord and synapse, while their dendritic
branches and soma localize at the periphery (Greuber et al. 2007). The ventral nerve cord
is a part of the central nervous system of the Drosophila (Greuber et al., 2007). Due to
their axons leading to the ventral nerve cord it is probable that signals from noxious
stimuli are sent down da neurons towards the ventral nerve cord. This is analogous to the
vertebrate neuronal pathway from the peripheral nociceptors to the spinal cord.
Previously, Class III da neurons have been shown to play a critical role in cold
nociception (Turner et al., 2016). Class III da neurons are activated by cold stimuli and
thus are involved in the process of cold nociception. Both cold behavior assays and
optogenetic studies reveal Class III da neurons mediate the characteristic cringe
behavioral response to noxious cold (Turner et al., 2016). The cringe response is
inhibited by blocking synaptic transmission in da neurons (Turner et al., 2016).
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Therefore, these neurons are sufficient and necessary to mediate the cold nociception
pathway.
Electrical Synapses and Nociception:
Synapses are essential for communication between neurons, and both electrical
and chemical synapses can function during transmission (Pereda, 2014). Gap junctions
mediate transmission in electrical synapses, while chemical synapses release
neurotransmitters (Fig. 2). Electrical synapses are known to function in both invertebrates
and reptiles. Originally, electrical synapses were thought to play a minor role in
mammals, but interestingly, recent studies suggest they function more than originally
predicted. (Pereda et al., 2013). Electrical synapses play a vital role in mammal neural
activity, especially within the CNS. For example, electrical synapses possess function in
the mammalian retina, hippocampus, and cerebellum (Pereda et al., 2013).
Unlike chemical synapses, electrical synapses have a shorter synaptic delay and
thus are typically utilized in escape mechanisms (Pereda et al., 2013). Escape
mechanisms are critical for an animal’s survival and fast transmission is essential. The
use of electrical synapses in escape mechanisms has been observed mainly in
invertebrates (Phelan et al.,1996, Antonson and Edwards, 2003). The lack of delay in
these defensive responses suggests that electrical synapses could operate in nociception,
another critical sensory system for survival. To date, evidence suggests most mammalian
nociception transmission occurs via chemical synapses (Pereda, 2014). However, it is
unknown if the same is true for invertebrates, Drosophila studies show that expression of
tetanus toxin in Class III da neurons inhibits the cringe response but not entirely (This
study; Turner et al., 2016). Therefore, chemical synapses are likely required for cold
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nociception. However, this does not preclude a requirement for electrical synapsis for a
robust response.

Figure 2. Comparison of chemical and electrical synapses. a. Transmission via a
chemical synapse. Pre-synaptic neurons release neurotransmitters and ionotropic
and metabotropic receptors in the post-synaptic neuron membrane bind the
neurotransmitters, thus affecting the action potential in that neuron. b.
Transmission via an electrical synapse is mediated by gap junction channels.
These gap junctions allow for the passage of electrical current via the
bidirectional passage of ions which can trigger the action potential in the postsynaptic neuron (Figure from Pereda 2014).
Gap Junctions: Invertebrate Innexin and Vertebrate Connexin Proteins:
Gap junctions are composed of Innexin and Connexin proteins in invertebrates
and vertebrates respectively. While these two families of gap junction proteins lack
amino acid homology, the proteins share structural similarities (Phelan et al., 1998;
Skerret and Williams, 2017). Innexins and Connexins have four transmembrane domains,
two extracellular loops, and amino and a cytoplasmic carboxyl terminus (Fig. 3). The
extracellular loops include cystines; however, Connexins have three while Innexins have
two (Fig. 3). Both Innexins and Connexins oligomerize to form hemichannels called
Innexons and Connexons, respectively (Bauer et al., 2005). Six subunits comprise a
Connexon, while eight subunits comprise an Innexon (Skerrett and Williams, 2017). Both
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proteins form gap junctions with another Innexon or Connexon on an opposing
membrane (Beyer and Berthoud, 2018). These gap junctions can either be heterotypic,
formed by two different Innexins, or homotypic, formed by two of the same Innexins
(Beyer and Berthoud, 2018).
Gap junctions are essential for cell-cell communication. Connexins and Innexins
are encoded by gene families. There are 20 connexins expressed in mammals, while there
are only eight innexins expressed in the Drosophila (Beyer and Berthoud, 2018). Despite
different primary amino acid sequences, these two groups of proteins form similar gap
junction structures (Milinkeviciute et al., 2012). Structurally, invertebrate gap junctions
are larger in size and have larger channel spacing compared to vertebrate gap junctions
(Fig. 3; Skerrett and Williams, 2016). Gap junctions in each group also share functional
similarities. For example, both are regulated by pH and calcium. For vertebrate
Connexon based gap junctions, acidic pH closes the gap junction by inducing
conformational changes in the intracellular domains (Skerrett and Williams, 2017). pH
also affects Innexons, however how pH changes the Innexons has not been extensively
studied (Skerrett and Williams, 2017). The conservation of gap junction functionality
between invertebrates and vertebrates suggest that analyzing Innexin function in
Drosophila nociception may lead to more understanding of vertebrate nociception.
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Figure 3. A structural and sequence comparison of Innexin and Connexin based
gap junctions. Structure comparisons between Innexins and Connexins analyze
the intercellular gap, channel spacing, and oligomerization. Both intercellular gap
and channel spacing are greater in invertebrates compared to vertebrates. The
vertebrate gap junctions are hexamers of Connexins while the invertebrate gap
junctions are composed of an octomers of Innexins. The membrane topology of
both Innexins and Connexins are similar, as both have two extracellular loops,
four membrane domains, and a cytoplasmic amino acid and carboxyl termini
(Figure from Skerret and Williams 2017)
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Cell-Specific Gene Expression Knockdown in Drosophila:
Cell specific knockdowns of a gene of interest allow for characterization of its
function. One way to perform cell specific knockdown in Drosophila is to utilize the
UAS/Gal4 system. The UAS/Gal4 system utilizes two Drosophila lines, one carries the
Gal4 transgene construct, referred to as the driver line, and the other line carries a UAS
transgene construct (Duffy, 2012). Gal4, which originates from Saccharomyces
cerevisiae, is a transcription factor that binds to the regulatory sequence called upstream
activating sequence (UAS). When the Gal4 binds to the UAS it activates expression of
the target sequence downstream of the UAS. The Gal4 is located downstream of an
endogenous gene’s promoter sequence in Drosophila, thus allowing for cell specific
expression in flies carrying both the Gal4 and UAS. The UAS-transgene construct
includes the experimental gene or RNAi construct downstream of the UAS promoter. In
this study we also utilize the UAS-GAL4 system to drive expression of innexins RNAi
(Duffy, 2012). Cell-specific knockdown of innexin expression has been a powerful tool
for exploring Innexin function in many Drosophila processes.
Drosophila Innexins Function in Many Processes:
The Drosophila innexin family has eight members, and the function is known for
some of them. For example, the inx3 expression is essential during embryonic and larval
developmental processes. Specifically, inx3 gene expression is required for embryonic
dorsal closure and in eye disc growth during larval periods (Giuliani et al. 2013; Richard
et al., 2017). During embryonic development inx3 expression knockdown with RNAi,
dorsal defects arose as a result of cell-cell junctions weakening (Giuliani et al., 2013).
When inx3 expression was knocked down in larval eye discs with RNAi constructs, the
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resulting adult eye discs were significantly reduced (Richard et al., 2017). Eye disc
growth and regulation were also dependent on the colocalization of inx2 and inx3 in
heteromeric channels (Richard and Hoch, 2015). Innexins, such as inx2, inx3 and inx7,
can also play a role in the development of the Drosophila nervous system during
embryonic stages (Otrowski et al., 2008; Stebbings et al., 2000).
Table 1. Drosophila innexin family. All eight innexins and their known functions in
Drosophila.
Innexin Family Alternative
Functions
Citation
Member
Names
Innexin 1
Optic
Central nervous
Holcraft et al.,
Ganglion
system development 2013
Reduced
(Ogre)
Innexin 2
Oogenesis, central
Bohtmann and
nervous system
Zimmermann,
development, eye
2008; Holcraft et
disc growth
al., 2013
Innexin 3
Embryonic dorsal
Giuliani, et al.
closure, oogenesis,
2013; Bohtmann
eye disc growth
and Zimmermann,
2008; Richard et
al., 2017
Innexin 4
zero
Germ cell
Tazuke et al.
population
differentiation,
2002; Bohtmann
growth (zpg) oogenesis
and Zimmermann,
2008
Innexin 5
Memory retrieval
Shyu et al., 2019
Innexin 6
Memory formation
Wu et al., 2011
Innexin 7
Embryonic central
Otrowski et al.,
nervous system
2008
development
Innexin 8
shaking B
Synaptic coupling,
Pezier et al., 2016;
(shakB)
central nervous
Phelan et al., 1996
system development
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Innexins also function in the Drosophila reproductive system. For example, null
inx4 mutants (zero population growth, zpg), are sterile as well as Zpg localizes within the
female germ cells, while in males it localizes in the spermatogonia (Tazuke et al., 2002).
Gap junctions are essential for oogenesis in the Drosophila ovary, and Innexin proteins 2,
3, and 4 form these gap junctions (Bohrmann and Zimmermann, 2008). Immunoblot
analysis reveals Inx1, 2, 3 and 4 are localized in the ovary and that Inx1 and Inx3 form
heterotypic gap junctions between follicle cells (Bohrmann and Zimmermann, 2008).
Studies also show that Inx4 functions during germ cell differentiation and forms a
heterotypic gap junction with Inx2 (Bohrmann and Zimmermann, 2008).
Drosophila Innexins also function in behavioral responses. Recent studies
demonstrate Inx6 affects sleep transition control (Troup et al., 2018). Expression of inx6
RNAi decreased overall circadian rhythm balance and made flies more responsive to
mechanical stimuli (Troup et al., 2018). However, the knockdown of inx6 did not affect
the duration of sleep (Troup et al., 2018). The Innexins also play critical roles in
Drosophila memory (Wu et al., 2011). Wu and colleges (2011) utilized RNAi
knockdown of inx7 and inx6 expression in the anterior paired lateral (APL) neuron and
the dorsal paired medial (DPM) neuron; this significantly impaired the flies’ ability to
form anesthesia-sensitive memories (Wu et al., 2011). This demonstrates that formation
of the Inx7 and Inx6 heteromeric channel is crucial for proper memory formation (Wu et
al., 2011).
Innexins function during neurogenesis and synaptic coupling in Drosophila. The
gene optic ganglion reduced (ogre), which encodes Inx1, is required for postembryonic
development of the Drosophila central nervous system (Lipshitz and Kankel, 1985;
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Holcroft et al., 2013). RNAi constructs of ogre where utilized to knockdown expression
in glial cells and the knockdowns resulted in a significant decrease in protein localization
as well as a decrease in CNS size (Holcroft et al., 2013). These flies also displayed
behavioral and sensorimotor defects (Holcroft et al., 2013). Further inx2 knockdown
assays resulted in a drastically reduced CNS structure in larvae (Holcroft et al., 2013).
Voltage clamp assays revealed that Inx2 and Ogre form heteromeric gap junctions
(Holcroft et al., 2013). Thus, both Ogre and Inx2 are crucial in the development of the
Drosophila larval and adult CNS. Inx8 (shaking-b) functions in synaptic coupling (Pezier
et al., 2016; Phelan et al., 1996). Since ogre, shaking-B, and inx2 all function in some
way in the Drosophila nervous system, it is possible they function in da neurons affecting
cold nociception.
Drosophila melanogaster Nociception:
Multiple nociceptive pathways in Drosophila share molecular components that
also function in vertebrates. For example, Transient Receptor Potential (TRP) channels
function in Drosophila and vertebrate nociceptive pathways. The TRPA1 channel is
critical for sensing noxious heat as well as noxious mechanical stimulation in Drosophila,
and this TRP channel is also pertinent in nociception in mammals (Zhang et al., 2012).
Studies have shown that the painless gene is essential for both sensing noxious heat and
mechanical stimuli (Tracey et al., 2003). Dmpiezo is also involved in mechanical
nociception, and the Piezo family proteins play an important role in mechanosensory
(Kim et al., 2012). The ppk26 gene has also been shown to play a role in mechanical
nociception in Class IV da neurons (Guo et al., 2014). The ppk (pickpocket) family are a
family of Degenerin/epithelial sodium channels (DEG/ENaC) and potentially function in
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vertebrate nociception (Ben-Shahar, 2011). The ppk family members ppk12, ppk23, and
ppk25, function in the cold nociception response (Williamson and Halsell, unpublished).
Cold nociception in Drosophila melanogaster:
Currently, less is known about cold nociception compared to the other nociceptive
pathways in Drosophila melanogaster. Turner et al. (2016) characterized some of the
components involved by using a cold behavioral assay as well as optogenetics. In this
study they were able to characterize the larval response to noxious cold and determined
that it differed from normal larval behavioral, responses to noxious heat, and gentle
touch. Their cold behavioral assay involved exposing larvae with null mutations to a cold
plate and their responses were recorded. The Turner et al. study (2016) revealed that the
TRP channels polycystic kidney disease 2 (pkd2), nompC and trpm function during cold
nociception (Turner et al., 2016). pkd2, nompC, and trpm are all expressed within Class
III da neurons, which are essential in producing a cringe response from cold stimuli
activation (Turner et al., 2016). In our lab, we utilize the cold behavioral response assay
and Class III da neuron RNAi expression to investigate whether any innexins function in
the cold nociception pathway.
Hypotheses:
I hypothesize electrical synapses mediate the cold nociception response. If true, I
predict knockdown of innexin(s) expression by RNAi will inhibit the cringe response to
noxious cold. These responses would be confirmed if existing loss-of-function mutants
also inhibit the cringe response. Further, I predict innexins that inhibit the cringe response
will be expressed in Class III da neurons, and that innexin mRNA levels will be reduced
in these neurons when their corresponding RNAi is expressed.
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Methods
Stocks:
Drosophila melanogaster stocks were obtained from either Bloomington
Drosophila Stock Center or the Vienna Drosophila Research Center (VDRC; Vienna
BioCenter Core Facilities; Dietzel et al., 2007) (Table 1). The two driver lines 19-12GAL-4 and 21-7-GAL-4 drove expression within da neurons. The 19-12-GAL-4 driver
drives expression specifically within Class III da neurons (Song et al., 2007) (Table 2).
Both of this driver also express green fluorescent protein (GFP) with the GAL-4 in their
respected da neuron targets. Oregon R was used as the wild-type control. UAS-TNTE
(Tetanus toxin) was utilized as the knockout control. When available, multiple RNAi
innexin constructs were tested.
Table 2. RNAi Innexin Transgene and Extant Ogre Mutant Stocks
innexin
innexin1
(ogre)

ogre knockout
innexin2

innexin3

innexin4
(zero
population
growth)

Genotype

Transformant
ID
JF02595

Stock
source
BDSC*

HMS02764

BDSC

JF02446

BDSC
BDSC

HMS02481

BDSC

HM05245

BDSC

HMS05903

BDSC

y[1] sc[*] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.GL00447}attP2

GL00447

BDSC

y[1] v[1];
P{y[+t7.7]v[+t1.8]=TRiP.JF02753}attP2

JF02753

BDSC

y[1]v[1];
P{y[+t7.7}]v[+t1.8]=TRiP.JF02595}attP2
y[1] sc[*] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMS02764}attP2
w[*] TI{w[+mW.hs]=TI}ogre[ko]
y[1]v[1];P{y[+t7.7]v[+t1.8]=TRiP.JF02446
}attP2
y[1] sc[*] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMS02481}attP2
y[1] sc[*] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HM05245}attP2
y[1] sc[*] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.HMS05903}attP40
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innexin5

innexin6

innexin7

innexin8
(shaking-B)

y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.JF02877}attP2

JF02877

BDSC

w; UAS-inx5-IR; +
y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.JF02158}attP2
w; +; UAS-inx6-IR
y[1] v[1]; P{y[+t7.7]
v[+t1.8]=TRiP.JF02066}attP2
w; UAS-inx7-IR; +
y[1]v[1];P{y[+t7.7]v[+t1.8]=TRiP.JF02603
}attP2/TM3,Sb[1]
w; +; UAS-shakB-IR

KK103391
JF02168

VDRC
BDSC

GD3692
JF02066

VDRC
BDSC

KK112684
JF02603

VDRC
BDSC

GDCG 34358

VDRC

*Bloomington Drosophila Stock Center, Bloomington, IN
^Vienna Drosophila Research Center, Vienna, Austria
Table 3. Gal-4 driver, Ogre Mutant and Control Stocks*
Genotype
Description
Oregon R
19-12-GAL4, UAS-mCD8::GFP
UAS-TNTE

Wild-type lab stock
Drives Gal4 expression in Class III da neuron
UAS-tetanus toxin responder transgene

*Provided by D. Cox, Center for Neuromics, Georgia State University, Atlanta

Third Instar Larvae Collection for mRNA Expression Analysis and Cold Behavioral
Assays:
Generation of Third Instar Larvae expressing innexin RNAi in Class III da neurons
To screen Innexin function in the Drosophila third instar larvae cold nociceptive
response, the UAS-GAL4 RNAi knockdown system was utilized. RNAi transgene
constructs for all eight Drosophila innexin genes were tested (Table 2). Experimental
RNAi larvae were collected from a cross of ten males carrying a UAS-innexin RNAi
transgene mated to twenty virgin females bearing the Class III da neuron Gal4 driver (1912 GAL-4; Song et al., 2007) (Fig. 4). Experimental RNAi control larvae were obtained
by crossing Oregon-R virgin females with the appropriate UAS-innexin RNAi males. The
tetanus toxin (TNTE) control larvae were generated by mating UAS-TNTE males with
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females bearing the Class III da neuron Gal4 driver. All crosses were reared at 25°C in
bottles on standard molasses/cornmeal fly food. After 6-8 days, crawling third instar
larvae were selected from the walls of the bottle. These larvae for either tested in the cold
behavioral assay or used for isolation of their Class III da neurons.
Extant Viable innexin Mutant Larvae:
A larval viable mutation was obtained for innexin 1 (ogre). Homozygous mutant
ogre KO stock was reared, and third instar larvae were collected as described above.
These larvae were then tested in the cold behavioral assays.

Figure 4. Third instar larvae expressing innexin RNAi were generated by mating. Male
flies were carrying an RNAi transgene were crossed to virgin females carrying the Class
III da neuron specific Gal4 driver (19-12).

innexin mRNA Expression Analysis:
Whole Adult and Larvae RNA Isolation
RNA was purified from either whole adult fly, whole third instar larvae or from
isolated Class III da neurons using Qiagen RNeasy Extraction Kit. The flies, larvae and
cells were either wild-type Oregon-R (whole larvae and adult) or wild-type 19-12 Gal4/+
and innexin 1 (HMS02764) RNAi Class III da neurons expressing larvae. Either 5 adult
flies were flash frozen in liquid nitrogen or 5 whole larvae were collected, rinsed in 1%
PBS three times, then flash frozen in liquid nitrogen. For both sample types, they were
then homogenized with a pestle in a 1.7mL Eppendorf tube filled with 250µL of RLT
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buffer (RNeasy Extraction Kit from Qiagen). Tissue was disrupted until it was
completely homogenized into solution. RNA isolation then followed the RNeasy
Extraction Protocol.
Class III da neuron Isolation and RNA Extraction
Class III da neuron cell isolation was performed following the protocol previously
described in Iyer et al. (2009) and modified according to D. Cox (personal
communication). The larval sources for cell isolation were either wild-type 19-12 Gal4/+
or 19-12 Gal4/UAS-innexin 1 (HMS02764) RNAi larvae. Collection of the larvae for cell
isolation required mating (Fig.4). In bottles, approximately 45 19-12 GAL4 virgin
females were crossed with either 25 Oregon-R males or 25 UAS-innexin1 (HMS02764)
males. Between 2-3 bottles were set up for the cross. Six to eight days later,
approximately 200-300 of the F1 larvae progenies from each cross were collected for the
Class III da neuron isolation. Both populations of larvae express Green Fluorescent
Protein (GFP) in Class III da neurons.
The neurons were isolated by binding to GFP-antibody attached to magnetic
beads. To prepare the antibody-magnetic beads, first 100uL of Dynabeads MyOne
Streptavidin T-1 beads (Invitrogen) were pipetted into a 0.6 mL Eppendorf tube, which
was then filled with ice cold 1% PBS. The tube was then vortexed for 10 seconds and
then applied to a strong magnet and all supernatant was removed. The beads were
resuspended in ice cold 1% PBS and the process repeated twice more. After the final PBS
rinse, all PBS was removed, and the beads were resuspended in 75µL of the Biotynylated
rat ant-mouse CD8 antibody (Invitrogen). The antibody bead solution was vortexed for
10 seconds and then was left overnight on a mixer at 4°C. After at least 12 hours of
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incubation the antibody bead solution was washed 3-4 times with 1%PBS as described
above. After the final wash, the antibody bound magnetic beads are resuspended in
100uL of 1% PBS. The antibody bound magnetic beads were stored at 4°C for no more
than 3 weeks before use.
All solutions used in the cell isolation were RNase-free and isolated as follows.
Between 200-300 crawling third instar larvae were collected from the cross bottles and
placed into 9-well plates filled with deionized water. Larvae were washed several times
with deionized water before being transferred into a RNase free 1.7µL Eppendorf tube.
Larvae were washed with deionized water followed by RNase Away (ThermoFisher
Scientific). RNase away was removed quickly and larvae were rinsed several times with
deionized water followed by a final rinse with room temperature 1% PBS.
Larvae were then dissected under a stereoscope on an RNase-free sylgard plate
until larvae were 80% dissected. Once larvae were dissected, cold 1% PBS was added to
the dissected larvae and it was then pipetted into a 50mL conical tube. Dissected larvae
were then rinsed with 1% PBS until supernatant was clear and free of excess debris. The
larvae were then moved into a 7mL dounce coated in 1% BSA. After larvae were pipetted
into the dounce, the dounce was filled with ice cold 1% PBS to the 7mL line. Douncing
was performed with a loose pestle. Once the solution was turbid from douncing, it was
pipetted through a 1% BSA-coated 50µm filter into a 1% BSA coated 50mL conical tube.
The dounce was then refilled to the 7mL line with 1% ice cold PBS, and douncing was
repeated. This was done until a total of 30mL of cells were collected, divided between
two 50mL conical tubes. Cuticles left in the filter were examined with a fluorescent
stereoscope to assay the success of cell disruption. The disrupted cells were pelleted by
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centrifugation for 15 minutes at 300G at 4°C. After removing the supernatant, cell pellets
were resuspended in 750µL of ice cold 1% PBS and transferred to a 1% BSA coated
1.7mL Eppendorf tube. 15µL of antibody-bead mix was then added into this new tube
and incubated for 45 minutes on ice, which was agitated periodically during incubation.
After incubation the tube was then placed next to a strong magnet for a few
minutes and supernatant was removed. The cell-antibody-magnetic bead-cell mixture was
then rinsed with ice cold 1% PBS and lightly vortexed for 10 seconds. This step was
repeated 3-4 times followed by a final suspension in 1% PBS and a 25 µL sample of the
cell-bound beads was examined using a Zeiss Axioscope A. 1 for the presence of
fluorescent Class III da neurons. After confirmation of the cell’s presence, the cell-bound
beads were again subjected to the magnet and all of the PBS was removed. Class III da
neurons were eluted from the beads by resuspension in 350µL of lysis buffer provided in
RNeasy Extraction Kit (Qiagen, see below) and by incubation at room temperature for 2
minutes; the tube was vortexed every 15-30 seconds during incubation. Finally, cell
magnetic bead suspension was placed by the magnet and the supernatant containing the
cells was transferred to a 1.7mL Eppendorf tube. The isolated Class III da neurons were
then stored at -80°C until RNA extraction was performed as described above.
RNA Concentration Determination and Storage
RNA concentrations for each preparation were determined using either the
Nanovue or the BioTech Synergy H1 Hybrid Reader. RNA concentrations were 188.28
ng/µL (whole adult), 558.8 ng/µL (whole larvae), and 12.88 ng/µL (isolated Class III da
neurons). The RNA was stored at -80°C.
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cDNA Library Preparation
cDNA libraries for each RNA sample were prepared using the iScript 1st Strand
Synthesis Kit (BioRad) following the manufacturer’s protocol. cDNA libraries were
generated by using either of 0.95ug of whole larvae RNA, 0.95ug of whole adult RNA, or
0.1µg of Class III da neuron RNA.
The cDNA synthesis reaction was run using a BioRad T100 Thermocycler
following the manufacturer’s protocol. The synthesis protocol was priming for 5 minutes
at 25°C, reverse transcription for 20 minutes at 46°C, reverse transcriptase inactivation
for 1 minute at 95°C, followed by a at 4°C. The cDNA libraries were stored at -20°C.
PCR Amplification of innexin RNAs
PCR amplification of all eight innexin family members’ RNA was performed for
each cDNA library. Primers flanking adjacent exons assured that only RNA was
amplified (Table 4). The primers were synthesized by Eurofins Genomics. Initial PCR
reactions of 50µL were set up with 0.25uL of RNA, 2µL of MgCl2 (1mM), 10µL 5X
Green GoTaq Flexi Buffer, 1µL dNTP, 2µL reverse primer, 2µL forward primer, 0.25µL
GoTaq DNA polymerase, and 32.5 µL RNase and DNase free H2O. Reagents for PCR
were supplied by Promega. The amplification cycle for all primer pairs was 1 cycle of 2
minutes, 95°C, then 34 cycles of 1 minute, 95°C, 1 minute 59°C and 1 minute, 72°C and
1 cycle of 5 minutes, 72°C.
Optimum annealing temperatures for each primer pair was then determined by
gradient PCR using a BioRad T100 Thermocycler. PCR reactions were set up as
described above. The gradient of annealing temperatures ranged from 70°C-59°C for
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innexins 1, 2, 4, 5 and 8, between 54°C-65°C for innexins 3, 6, and 7. The number of
cycles, denaturing steps, and extension steps were as above.
Table 4. Primer sets utilized for PCR.
Gene

Primer name

Sequence

Innexin 1 (Ogre)

In1_qF1
In1_qR1
In1_qF2
In1_qR2
In2_qF1
In2_qR1
In2_qF2
In2_qR2
In3_qF1
In3_qR1
In3_qF2
In3_qR2
In4_qF1
In4_qR1
In4_qF2
In4_qR2
In5_qF1
In5_qR1
In5_qF2
In5_qR2
In6_qF1
In6_qR1
In6_qF2
In6_qR2
In7_qF1
In7_qR1
In7_qF2
In7_qR2
In8_qF1
In8_qR1
In8_qF2
In8_qR2
Btub_qF1
Btub_qR1
gBtub_F1
gBtub_R1
Rp32_qF1
Rp32_qR1
gRp32_F1
gRp32_R1

GTTCCGTGGCTGCATTATC
GTCACCGATGTCCAGTTTG
TTTCGCAGACAGGTTGG
GGTAGTAGGTGTAGTACTTCTTG
GACGGTTCTCCAGTTGATATG
ATGCTAGACGCGACTTTAAC
TTTCGCAGACAGGTTGG
GGTAGTAGGTGTAGTACTTCTTG
AGACCATCATCAAGCGTTC
GATCAGGAAGTCACCAATCTC
GTCCAGAAACACGACACTC
ATAAACCAGAACCACAGGAAG
GACCAGATGCGGTTAGTAAG
CGACTCGAGCAGCAATAC
TGTGAGCGACAATGTGAC
CTACCTTACTAACCGCATCTG
CATCAGTGTGGTGAACATAATC
CAGTCGTAGAACGGAATGG
AGTACTTCACCACCGACTAC
ACGATTATGTTCACCACACTG
TTCATCAGCATCCTCAACTTC
AGGTTCCAGAGGTTCCAG
CAGATGCTCACCAGGTATTTC
CAGAAGTTGAGGATGCTGATG
CCTTCACAGTGGTACGTG
CATGCCGCTTGATCGTG
GCACATCCAGTGCCTATC
GTCACGTACCACTGTGAAG
TTTGACACAAGGTTCTATCACG
GCCCGACTTATATACTGCTTTAC
CAAGAGAAACAACAGCATAACG
TTGCGTGATAGAACCTTGTG
GACATGTTTCTGGGAGATCAT
CGGACGCCTCATTGTAGTA
GCTTCTTGTGCCCATTTATTCC
CTCCCAGAACTGCAAATGAGA
CCGGCAAGCTTCAAGATG
TAGCATATCGATCCGACTGG
TTTCCGGCAAGGTATGTG
CTAGCTTCTTGGGCAGTATC

Innexin 2

Innexin 3

Innexin 4 (Zpg)

Innexin 5

Innexin 6

Innexin 7

Innexin 8 (ShakB)

Tubulin
Tubulin genomic
RpL32
RpL32 genomic

Annealing
Temperature
°C
61
60
59
59
60
60
59
59
60
60
60
60
60
60
60
60
59
60
61
61
60
60
60
61
59
61
60
60
61
61
60
60
60
61
62
62
61
61
60
60

Product
Length
(bp)
118
91
97
91
89
83
92
77
96
103
113
113
105
88
76
113
116
574
100
246
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Gel Electrophoresis
After PCR amplification, amplicons initially were run on 2% agarose gels made
with 1x TAE buffer. Each gel included positive tubulin and/or RPL32 controls and
negative controls. 5µL of each PCR reaction was loaded into each well of the gel, and
5uL of either the GeneRuler 1kb DNA, Quick-Load Purple 50bp Ladder, or Bioline
HyperLadder 100bp ladder. When the buffer did not include dye, 4 µL of product was
mixed with 2 µL of Thermo Scientific 6X DNA Loading Dye. Agarose gels were run at
100V for approximately 30 minutes on small gels, while larger gels were at 100V for an
hour. Gels were then stained with ethidium bromide for 5 minutes and then rinsed with
deionized water for 2 minutes. Gels were imaged using the either the BioRad Gel Doc EZ
system or the BioRad Gel Documentation System.
Class III da neuron amplicons and whole larvae PCR reactions were also run on
precast polyacrylamide gels were 4-20% 1X TBE gels (Invitrogen). For all samples,
12uL of reaction was mixed with 3uL of BioRad blue dye. The gel was run at 200V for
45 minutes and then stained in either ethidium bromide or Gel Red for approximately 2
minutes before rinsing in deionized water for one minute. Gels were imaged using the
BioRad Gel Doc EZ system.
Widefield confocal Microscopy of Whole Third Instar Larvae:
Confocal images were taken of third instar larvae expressing Green Fluorescent
Protein (GFP) in their Class III da neurons. Third instar larvae were collected and images
from a cross expressing ogre RNAi (HMS02764) in Class III da neurons. This was done
in order to confirm that the neurons appeared normal after the RNAi knockdown of ogre
in these neurons. Widefield confocal protocol was provided by D. Cox (personal
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communication). First, a small drop of 1:5 ethyl ether halocarbon oil solution was added
to each end of a 1x3 glass microscope slide. Then a 22x22mm glass coverslip was
quickly placed over each of the droplets and they were moved gently until they were
firmly in place and aligned with the slide. After the slide was prepared, a crawling third
instar larva was collected with a damp paintbrush from the bottle. The larva was then
quickly rinsed in deionized water in a nine welled plate. Then the larva was put onto a
kimwipe to dry. The larva was then placed onto the middle of the previously prepared
slide and a few drops of the 1:5 ethyl ether halocarbon oil solution was quickly added
onto the larva to immobilize it. A drop of the 1:5 ethyl ether halocarbon oil solution was
also added to the center of each coverslip end of the slide. The larva was then orientated
into a straight position and the 24x50 mm coverslip was gently placed on top of the slide.
This coverslip was then gently moved until the larva was flat and straight.
Widefield confocal images were collected using a Nikon TE2000, with a 20x
PlanApo objective. For visualizing the GFP being expressed in the Class III da neurons a
green filter cube with a 450-490nm excitation spectra and a 500-550nm emission spectra
was used. Image of the neurons was cropped in ImageJ to remove dead space.
Analysis of Innexin Function in Drosophila Cold Nociception:
Cold Behavioral Assays
Cold behavioral assays comparing the innexin RNAi knockdown experimental
larvae to their experimental control screens for Innexin function in cold nociceptive
pathway. When loss-of-function mutations were available, these homozygous mutant
larvae were also tested. Larvae expressing the tetanus neurotoxin (TNTE) compared to its
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control verify the efficacy of the cold behavioral assay. The normal wild-type cold
nociception response was determined for Oregon-R larvae.
The cold behavioral assay follows a previously published procedure (Turner et
al., 2016) The wells of the thermocycler were filled with deionized water prior to setting
the thermocycler to 6°C. Temperature of the thermocycler was confirmed to be 6°C by an
infrared thermometer before assays began. Four third instar larvae were collected from
the sides of their cross bottles with a damp paintbrush. These four larvae were then
washed in deionized water in a nine welled plate and removed to be dried on a kimwipe.
A thin, matte black painted aluminum plate was then misted with deionized water and the
four larvae were placed in separate quadrants on the plate. The larvae were then rapidly
cooled to 6°C by placing the plate on the prechilled thermocycler. Larval movements
were recorded for 30 seconds using a mounted Nikon 5200 camera. The light source for
these recordings was a small external light behind the thermocycler.
Tested larvae were then discarded, and before the plate was utilized again the
temperature of the plate was verified to be approximately room temperature using the
infrared thermometer. The thermocycler was also frequently checked during the assays
with the infrared thermometer in order to ensure temperature was maintained 6°C. These
assays were repeated until 100 individual larvae are obtained from video processing.
Video Processing and Analysis
Videos obtained from the cold behavioral assays were formatted as MOV files
and these were then converted into AVI files utilizing the Any_Video Converter freeware
application. The AVI formatted videos were imported into Image J for processing
(https://imagej.nih.gov/ij/index.html). First, the videos were converted into grayscale.
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The first 100 frames of each video were examined to visually determine the first frame in
which the aluminum plate came in contact with the thermocycler. From this frame a total
of 450 frames were analyzed. This corresponds to 15 seconds of the assay. The brightness
and contrast of the videos were adjusted until larvae were clearly visible when video
lighting was dim. Then the video was run through a series of ImageJ subroutines. First,
the ImageJ threshold function was applied, silhouetting the larvae. The larvae were then
converted to binary and the skeletonize function was used to linearize them. Thus, each
quadrant of the video had a single linearized larva. Larvae that showed branching were
not considered further. The length of each larva was determined with the area function.
Comparison of the length of a larva at the beginning of the assay and then again at a later
time point allowed the calculation of percent cringe.
Data and Statistical Analyses for Behavioral Assays
In order to compare between RNAi experimental larvae and RNAi experimental
control larvae, each larva was classified as a cringer (wild-type behavior) or a non-cringer
(an inhibited response). Classification in this fashion allows for direct comparison of
behavioral responses across genotypes and day of testing. The first step in the analysis is
to determine the 3-second window of maximum cringe for the control larvae. The
averages and standard deviation were then calculated. In order to obtain the minimum
percent cringe threshold for the RNAi experimental control, standard deviation was
multiplied by 1.5 and subtracted from the average.
In order for an RNAi experimental larva to be classified as a cringer they must
reach at least the minimum percent cringe threshold established for the experimental
control within the same 3-second window as the experiment. If a larva did not reach this
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threshold during this time point, then the larva is classified as a non-cringer. For the
mutant ogre KO analysis, the minimum percent cringe response was established from the
Oregon-R control.
For every RNAi experimental group, the cringers were compared to the number
of cringers in the RNAi experimental control group. To determine significance the
Fischer Two-Tailed Exact test was used for this comparison in Excel (p-value<0.01).
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Results
Innexin Expression in Third Instar Larvae:
PCR Pilot Experiment
If an Innexin functions in Class III da neurons, then it should be expressed in
them. Stage specific expression of the Drosophila transcriptome was determined by
modENCODE and is accessible via Flybase (Graveley, et al., 2011). From that project,
innexin gene expression was determined in whole body third instar larvae by mRNA-seq;
several stages during the development of third instar larvae were assayed. Quantified
expression levels increased over developmental time from low to high for innexins 1, 2,
and 3, were consistently moderate for innexin 7, and were consistently low or very low
for innexins 4, 5, 6, and 8. These whole body assessments, however, could not predict
whether any of these innexin genes were expressed in Class III da neurons. Therefore, in
preparation for future qPCR experiments to determine their expression pattern in these
neurons, PCR analysis in wild-type whole body third instar larvae and isolated Class III
da neurons was performed.
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Figure 5. innexin RNA expression in whole body third instar larvae and isolated
Class III da neuron run on 2% agarose gels. Each innexin had two primer sets
tested in both whole body and isolated Class III da neurons. (A) Whole body
larvae. The only innexins that showed amplification and were expected sizes were
innexins 1, 3 and potentially innexin 2. (B) Whole body larvae. PCR reactions for
innexins 4 through 8 were repeated along with all controls. Amplification
products were exhibited for Tubulin and RP32 (positive controls) as well as
innexins 5, 7 and 8. innexins 4 and 6 had unclear amplification. Ladder used to
estimate amplicon size for both whole body third instar larvae gels was 1KB. (C)
Isolated Class III da neurons. The innexin expression that had clear amplification
of the expected sizes in isolated Class III da neurons were innexins 1, 3, 4 and 5.
innexins 2 and 7 had unclear amplification, while 6 and 8 did not show
amplification. Ladder used to estimate amplicon size was 50bp.

innexin RNA expression was examined by PCR amplification of wild-type whole
body third instar larvae and isolated Class III da neurons cDNA libraries (Fig. 5). Two
primer pairs were designed for each innexin gene such that only expressed RNAs and not
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genomic DNA were amplified. Predicted amplicon sizes ranged from 76-118 base pairs.
In the first round of the PCR, amplification products were detected for innexins 1, 2, and
3 but none were detectable for innexins 4 through 8 on a 2% agarose gel (Fig. 5A). PCR
reactions were repeated for innexins 4 through 8 as well as the positive controls. In this
case, innexins 5, 7 and 8, produced products, however 4 and 6 had unclear amplification
due to poor resolution on the 2% agarose gel (Fig. 5B). In Class III da neurons,
amplicons were detectable for innexins 1, 4, 5 and were not detected for innexins 2, 3, 6,
7 and 8 (Fig. 5C). Because resolution on the agarose gel was so poor, Class III da neuron
samples amplified with one of the two pairs of primers were run on a 4-20%
polyacrylamide gel (Fig. 6). With better resolution, appropriately sized amplification
products were detected for ogre (Inx1), Inx2, zpg (Inx4), Inx5 and shakB (Inx8).
However, non-specific amplification products were detected. This suggested the 59C
annealing temperature may have allowed the non-specific amplification.

Figure 6. innexin RNA expression in wild-type Class III da neurons.
Amplification products were run on higher resolution polyacrylamide gel.
Prominent amplification products of the expected size were observed for ogre
(Inx1), Inx2, zero population growth (Inx4), Inx5, and shakB (Inx8). The negative
tubulin control revealed two small fragments of approximately 20 base pairs. A
20bp ladder was used to estimate amplicon size.
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In order to increase the specificity of PCR amplification reactions and to improve
image quality, annealing temperatures were optimized for each of the innexins with one
of the primer sets. This was done via running a gradient PCR with adult Drosophila
cDNA. For ogre (inx1), inx2, zpg (zpg), inx5 and shakB (inx8) the annealing gradient ran
from 59C-65.7C. For inx3, inx6 and inx7 the gradient ranged from 54C-64C. From
running these gradient PCRs optimized annealing temperature for ogre, inx2, zpg, inx5
and shakB was shown to be 62.3C, while inx3, inx6 and inx7 amplified product at 54C
(Fig. 7 and Fig. 8).
A

B

Figure 7. 2% agarose gel of optimization of annealing temperatures for ogre,
inx2, zpg, inx5 and shakB. (A) Lanes ogre (inx1), inx2, zpg (inx4). (B) inx5 and
shakB. Gradient temperatures utilized for annealing were, from left to right
65.7C, 63.2C, 61.2C, 59.8C and 59C. Tubulin positive control was run at
59C. Ladder used was a 100bp.
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Figure 8. 2% agarose gel of optimization of annealing temperatures for inx3, inx6
and inx7. Lanes inx3, inx6 and inx7. The annealing temperatures were, from left
to right, 63.2C, 62C, 60.1C, 57.8C, 55.9C, 54.7C and 54.0C, controls were
run at 60.1C. Tubulin positive control had an annealing temperature of 60.1C.
Ladder used was a 100bp.

innexin Expression in Whole Larvae
Once annealing temperatures were optimized for the 8 innexins, PCR was re-run
with these optimized annealing temperatures with cDNA from both whole body third
instar larvae and isolated Class III da neurons. The PCR amplicons were run on a 4-20%
polyacrylamide gel; the resulting gel had fewer non-specific bands. The innexins 1, 3, 4,
7 and 8 had bands of the expected size while inx2 and inx5 showed very faint bands at the
expected sizes; no product of the expected size was detected for inx6 (Fig. 9A).
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Figure 9. innexin RNA expression within whole larvae and Class III da neurons.
(A) 4-20% polyacrylamide gel of innexin expression within whole body third
instar larvae. Lane 1 contains Tubulin positive control. All innexins except for 6
showed amplification, although there are very faint bands for innexins 2 and 5.
(B) 4-20% polyacrylamide gel of innexin expression within Class III da neurons.
Tubulin positive control amplicons were observed in lane 1. innexins 1, 2, 4, 5
and 8 all had strong amplification with expected sizes. innexin 3 did not show
amplification and innexins 6 and 7 showed weak amplification. Ladder used for
estimating amplicon size was 20bp (C) 2% agarose gel of positive and negative
controls from both the whole-body larvae and Class III da neurons. Tubulin was
used as the control primer set. Lanes 1 and 2 contain whole larvae positive control
and negative control with a 54C annealing temperature. Lanes 3 and 4 contain
whole larvae positive and negative controls with a 62.3C annealing temperature.
Lanes 6 and 7 contain the Class III da neuron positive and negative controls with
a 54C annealing temperature. Lanes 8 and 9 contain the Class III da neuron
positive and negative control with a 62.3C annealing temperature. Ladder used to
estimate amplicon size was 100bp.
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innexin Expression in Class III da neurons
After optimizing annealing temperatures and whole larvae expression was
determined, innexin expression was re-examined in Class III da neurons. Based on the
polyacrylamide gel, ogre (inx1), inx2, zpg (inx4), inx5 and shakB (inx8) are expressed in
Class III da neurons (Fig. 9B). These innexins were all amplified, and their amplicons
were observed to be the expected sizes. innexins 6 and 7 have very faint bands that are at
the expected size for their amplicons. innexin 3 is the only innexin that had no detectable
amplification.
Changes in innexin Expression in Class III da Neurons expressing inx1 (ogre) RNAi
After determining innexin expression in wild-type Class III da neurons, we then
attempted to determine whether changes occur in innexin expression in neurons in which
inx1 (ogre) expression is knocked down by RNAi. Cold behavioral assays revealed that
expression of the ogre HMS02764 UAS-RNAi significantly inhibited the cold
nociception response (Figs. 12, 14 and 15). Cell isolation of Class III da neurons was
conducted on third instar progeny from a cross between 19-12 Gal4 and ogre RNAi
HMS02764. However, repeated cell isolations from the F1 progeny failed and thus
changes in expression for ogre in Class III da neurons could not be characterized. It was
possible that knocked down expression of inx1 disrupted integrity of Class III da neurons.
Therefore, the Class III da neurons of these larvae were examined with widefield
confocal microscopy (Fig. 10). Confocal microscopy confirmed that the 19-12 driver was
driving expression of gfp along with the inx1 RNAi transgene. Intact cells were observed,
and they had the structure of wild-type Class III da neurons (Fig. 10). However, higher

34
resolution confocal microscopy should be performed to determine if finer details of the
structure is altered in these larvae.

Figure 10. Widefield confocal image of a third instar larva expressing inx1 RNAi
and GFP in Class III da neurons. Wild-type Class III da neurons have multiple
long dendrites that show multiple spikes. This Class III da neurons in which inx1
RNAi shows a similar structure (arrow). 20x magnification.

Cold Behavioral Assays:
Screening for Inhibition of Cold Nociception
Cold behavioral assays were conducted to further characterize innexins potential
involvement in Drosophila cold nociception. Wild-type third instar larvae exhibit a
characteristic cringe response at temperatures of 6C or less (this study; Turner et al.
2016). In this study, cold behavioral assays were conducted for larvae in which innexin
expression was knocked down in da neurons by RNAi expression. In addition to these
knockdowns, an ogre KO complete loss-of-function mutant larvae were tested.
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Expression of the RNAi constructs utilized the GAL4-UAS system (Duffy 2012).
Negative experimental controls were the F1 larvae that lacked a Gal-4 driver; these larvae
were the progeny of the UAS RNAi line outcrossed to wild-type Oregon-R. An UASTetanus Toxin (TNTE) was also tested. Finally, assays were also performed with OregonR larvae. At least 100 larvae were tested for each genotype. Data from each cold
behavioral assay were classified as a cringer or a non-cringer, and statistical analyses
were performed comparing experimental larvae to their appropriate control larvae.
Cold behavioral data for each innexin RNAi, as well as an ogre KO, were graphed
as percent cringe-over-time scatter plots (Figs. 11, 12, and 14). These graphs include
results for RNAi expression within Class III da neurons, non-expression experimental
controls and the Tetanus Toxin expression. Tetanus toxin (TNTE) was utilized as a
control to verify that cold nociception could be disrupted in these assays (Fig. 11). When
TNTE was expressed in Class III da neurons a significantly reduced cringe response
resulted in comparison to both its non-expression experimental control and the wild-type
larvae (Fig. 11 and 13). In the scatter plot, the average percent cringe length for TNTE
larvae is approximately 25% while controls on average cringe approximately 38%.
However, the cringe response is not eliminated in TNTE expressing larvae. When
normalized to the percent of larvae exhibiting a cringe response to the control,
significantly fewer TNTE larvae cringe (Fig. 13, p<0.0001).
Each innexin had at least two RNAi constructs tested in the cold behavioral assay.
In comparison to their experimental controls, expression of most of the innexin RNAi
lines altered the shape of the scatter plot curve (Fig. 12). Each innexin, except inx7, had at
least one RNAi each that resulted in a significantly lower percent average cringe when
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down-regulating its specific innexin (Fig. 12). RNAi constructs that did not alter the
shape of the scatter plot include, inx3 HMC05106, inx7 JF02066 and KK112684, and
inx8 (shakB) CG34358. The ogre RNAi construct HMS02764 showed a curve very
similar to that of TNTE (Fig. 12 and 14). Complete loss-of-function ogre KO (inx1)
mutants are viable as third instar larvae. The cold behavioral response scatter plot mimics
the curve observed for TNTE (Fig. 14). Comparisons between different innexin RNAi
experiments exhibit great variability in the shape of the curves and maximum cringe
length for both the experimental and experimental control larvae. These differences could
reflect differences in the genetics backgrounds of each line and/or differences in ambient
testing conditions. In order to make direct comparisons between the different innexins
and innexin RNAi lines, and data for each experiment was normalized.
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Figure 11. Tetanus toxin (TNTE) expressed in Class III da neurons. Behavioral
assay data from larvae expressing TNTE in Class III da neurons, non-expression
control and wild-type. Behavioral assay performed at 6C on 100 larvae per cross.
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Figure 12. Average percent cringe over time for each of the eight innexins genes.
Each graph exhibits the innexin RNA line that has been tested listed as well as its
experimental control and the TNTE plot. Red: RNAi expressed in Class III da
neurons; Blue: RNAi experimental control; Gray: TNTE expressed in Class III da
neurons.

Normalization of Data: Percent of Cringers
The cold behavioral data from each of the innexin RNAi and the ogre KO were
normalized. In the normalization, each larva amongst the 100 larvae tested per experiment
classified as a cringer or non-cringer. Cringer larvae were considered to have wild-type
behavioral response falling above the wild-type threshold, while non-cringers did not reach
a wild-type threshold response. Normalization was established for each experimental line.
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The peak average percent cringe was determined for the appropriate group of experimental
control larvae from their scatter plots, and a three second window, with the peak cringe
value in the middle was set. Next, the percent cringe length for each individual
experimental larva within this 3 second window was determined. If the percent cringe
length of an experimental larva was within 1.5 standard deviations of the experimental
control at any point in the time window, the larvae was defined as a cringer. Thus, the
percent cringers for each experimental line could be calculated. A decrease in the percent
cringers could indicate an inhibition of cold nociception. The percent of cringers for each
RNAi knockdown line or the ogre KO mutant was compared to either their experimental
control (RNAi lines) or wild-type Oregon-R (ogre mutant) (Figs. 13 and 15). The Fischer
Exact test was utilized to determine significance for each innexin RNAi expressed in Class
III da neurons, compared to their experimental control. Compared to their non-expression
controls, each innexin had at least one RNAi construct that had significantly fewer cringers
when expressed in Class III da neurons (Fischer’s Exact Test, p <0.01).
Two RNAi lines were tested for each innexin gene. Different RNAi constructs for
any one gene resulted in differences in the percentage of cringers (Fig. 13). Examining the
effect of Tetanus Toxin (TNTE) expression, 98% of the experimental controls cringed
while cringing was significantly inhibited to only 28% cringers in TNTE larvae (Figs. 13
and 15). When expressed in Class III da neurons, the following patterns emerged.
Expression of RNAi in Class III da neurons for ogre (inx1), inx2, zpg (inx4) and inx5
decreased the number of cringers for both constructs, although the extent of cringing
inhibition differed between RNAi constructs in each case. However, inx3, inx6 and shakB
(inx8) RNAi expression for only one of the two lines inhibited cringing. An unusual pattern
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was observed for inx7 (Fig. 13). When inx7 KK 112684 was expressed, the percentage of
cringers significantly increased compared to its control while the other construct exhibited
a modest decrease.

Figure 13. Percent number of cringers for each innexin RNAi. Larvae were
determined to be cringers or non-cringers. Yellow: RNAi expression in Class III
da neurons; Blue: experimental control. Significance between the experimental
and the control larvae is shown (Fischer’s Two-Tailed Exact Test, * for p<0.01 **
for p<0.001 *** for p<0.0001)
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Loss of ogre (inx1) expression inhibits cold nociception
Cold behavioral assays were also conducted with ogre KO complete loss-offunction mutant larvae (Figs. 14 and 15). For normalization of data, mutant larvae were
compared to Oregon-R wild-type larvae. Significantly, only 38% of the mutant larvae
cringed compared to 92% of the wild-type control (p<0.0001; Figs. 13 and 15). At five
seconds, the ogre loss-of-function mutant shows a substantial reduction in both average
percent cringe length (17.8%) and the number of cringers compared to the ogre RNAi
stock JF02595 (27.5% average cringe length, 59% cringers) (Fig. 14 and 15). This ogre
KO mutant also showed a less robust cringe response compared to TNTE; its percent
cringe length was less than the 22.7% average cringe length observed in TNTE
expressing Class III da neurons (Fig. 14). Preliminary behavioral results are available for
another ogre RNAi stock, HMS02764. This RNAi was expressed in Class III da neurons,
however, to date, the experimental control was only partially completed. While the
experimental controls will be completed after the COVID-19 stay at home order ends, a
comparison was made to Oregon-R wild-type larvae. At five seconds, the average cringe
length for ogre RNAi HMS02764, JF02595, and Oregon-R were 21.3%, 27.5% and
36.3% respectively (Fig. 15). In addition, ogre RNAi HMS02764 showed fewer cringers,
32%, than ogre RNAi JF02595, 59% (Fig. 15). The percent of cringers for ogre
HMS0264 was similar to the ogre KO mutant and TNTE experimental larvae.
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Figure 14. Comparison of all ogre cold behavioral assay data, including the lossof-function and RNAi lines expressed in Class III da neurons. Green: ogre KO
loss-of-function; Yellow: ogre RNAi JF 02595; Purple: ogre RNAi HMS02764;
TNTE: gray; Red: Oregon-R wild-type. The behavioral assay was conducted at
6C with 100 larvae per genotype.
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Figure 15. Percent number of cringers for each ogre RNAi line and ogre KO
mutant. Yellow: ogre experimental larvae; Blue: experimental control; Gray:
Oregon-R control. The number of cringers for the ogre KO and for the
preliminary data for the Ogre RNAi stock HMS02764 were determined from
comparison with wild-type. Significance was determined by the Fischer’s TwoTailed Exact Test, *** p<0.0001).
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Discussion
innexin Expression:
I hypothesized whether electrical synapses function in Drosophila cold
nociception. innexins genes encode for the Innexin proteins that form gap junctions that
form electrical synapses. However, it should be noted that gap junctions perform many
functions not related to electrical synapses. In previous studies a subset of peripheral
neurons called Class III da neurons were shown to be involved in cold nociception
(Turner et al., 2016). Thus, I predicted outcome that if any one of the innexins were
involved in Drosophila cold nociception they would be expressed in Class III da neurons.
PCR analysis was conducted to look into the expression of the 8 innexins in whole body
third instar larvae and Class III da neurons. The first attempts at determining innexin
expression were not conclusive due to the poor resolution obtained from the 2% agarose
gel (Fig. 5). In order to better characterize expression, PCR amplicons of the innexins
were run on a 4-20% polyacrylamide gel; unfortunately, this initial gel showed multiple
non-specific bands suggesting a less than optimal annealing temperature for the innexin
primer sets that were used. These bands had not been observable in the first gel due to the
poor resolution from the agarose gels (Fig. 5).
After optimizing the annealing temperatures, a clearer characterization of innexin
expression was obtained. All but innexin 6 amplified in whole body larvae, and it was
shown that ogre (inx1), inx2, zpg (inx4), inx5 and shakB (shakB) were expressed clearly
in Class III da neurons isolated from OR x 19-12 Gal4 expressing third instar larvae (Fig.
9B). The polyacrylamide gel also showed very faint bands for inx6 and inx7, that were
only really visible with an increase in gain. These bands were also observed at the
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expected amplicon sizes. This greatly supports our hypothesis that innexins are involved
in cold nociception. The robust expression of zpg (inx4) was extremely surprising. Based
on RNA sequence data from FlyBase, zpg has previously been shown to be expressed at
only very low levels in larval stages, but it appears that expression may be specific to
Class III da neurons. In addition, previous studies have only shown a function for zpg in
reproductive cells (Tazuke et al., 2002; Bohrmann and Zimmermann, 2008). We
confirmed expression of 7 innexins in whole body third instar larvae, the only innexin
that had no detectable expression was inx6 (Fig. 9A). Based on the modENCODE RNAseq data, inx6 is not expressed during most of the larval development, thus this was
expected.
The initial PCR and polyacrylamide gel for isolated Class III da neurons were not
clear and had multiple unspecific bands for each innexin (Fig. 6). One reason for these
unspecific bands was that the primers all had different annealing temperatures allowing
for non-specific amplification. When PCR was performed initially, the annealing
temperature used was not optimal for most of the innexin primers. In order to more
clearly confirm expression or lack of expression of the 8 innexins in both whole body
third instar larvae and isolated Class III da neurons, primer annealing temperatures were
optimized using cDNA from whole adult flies (Fig. 7 and Fig. 8). cDNA from whole
body flies was used because all innexins are being expressed in adult flies according to
the modENCODE RNA-seq data (Graveley, et al., 2011). These gradient PCRs
confirmed that the primers worked for each innexin. Thus, the lack of bands observed on
the polyacrylamide gel for inx3 in isolated Class III da neurons was not due to an issue
with the primers or their annealing temperatures (Figure 9B). The modENCODE RNA-
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seq data from Flybase inx3 is expressed moderate to high in late larval stages, further
supporting our findings of its expression in whole body third instar larvae. Most likely
their lack of amplification was due to inx3 not being expressed in Class III da neurons,
and thus it is unlikely that inx3 is involved in Drosophila cold nociception. innexins 6 and
7 had very weak amplification observed from the Class III da neuron polyacrylamide gel.
However, innexin 7 had a strong band observed in whole body third instar larvae. Based
on the RNA-seq data innexin 7 is expressed moderately in late larval developmental
stages, thus observing its expression in whole body third instar larvae was expected. Our
results showed that innexin 6 lacked expression in whole body larvae, and when
compared to the RNA-seq data this was to be expected. RNA-seq data shows that innexin
6 is expressed very low only at the latest larval developmental timepoints.
Due to the COVID-19 global pandemic all research was put to a halt; this time
restraint prevented completing an ogre RNAi Class III da neuron cell isolation. The first
attempts at cell isolation performed on third instar larvae from 19-12Gal4 x ogre RNAi
HMS02764 were unsuccessful. One potential reason for this failure was that the RNAi
expressing neurons were affected structurally. ogre has been shown to be involved in
CNS development in Drosophila (Lipshitz and Kankel, 1985; Holcroft et al., 2013)
however it is unknown if it plays a role in PNS development. To ensure that this
downregulation did not result in structural changes to the neurons and to confirm it was
being expressed appropriately widefield confocal images were taken of larvae (Fig. 10).
These images confirmed that Class III da neurons were present and appeared normal in
structure, thus the failed cell isolations were most likely due to improper douncing
technique during the isolation. The protocol for the cell isolation was somewhat vague on
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the amount of appropriate force for this technique. However, cell structure should be
investigated further since the images taken in this study were of low magnification, and
potentially higher magnification images could reveal more details on the downregulated
cell’s structure.
Behavioral Data:
I also hypothesized that if innexins are involved in cold nociception, by
downregulating individual innexins in Class III da neurons there would be a reduction in
the larvae’s cringe response. By conducting cold behavioral assays on RNAi knockdowns
of individual innexins I saw that there was a reduction in the larvae’s cringe response. An
unexpected result was that instead of only a subset of the innexins affecting the cringe
response, in fact every innexin had at least one RNAi construct that significantly reduced
in the number of cringers (Fig. 13). This data by itself could indicate that all innexins are
involved in the Drosophila cold nociceptive pathway in some way, however the
expression data indicates inx3 is unexpressed in Class III da neurons. Also, innexins 6
and 7 also had very weak amplification in Class III da neurons, suggesting they probably
would not be involved in cold nociception. These results conflicts with the behavioral
data showing that each of these innexins had at least one RNAi construct that resulted in
significantly fewer cringers (Fig. 13). One reason for this might be that inx3, inx6 and
inx7 RNAi constructs might actually be downregulating another innexin as well as either
inx3, inx6 or inx7. The innexins could have high sequence similarity and it could be
similar enough that more than one might be being downregulated unintentionally. This is
something that is currently being explored in the Halsell laboratory. Further, one of the
two inx7 RNAi had a significant difference in cringers, but in an unexpected way;
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expression of the inx7 stock KK112684 RNAi exhibited a larger number of cringers than
its non-expression control (Fig. 13). This could be due to human error in conducting cold
behavioral assays, or it could be that this RNAi construct is not knocking down inx7
expression. The behavioral data for inx7 is inconclusive and the behavioral assays should
be re-peated for inx7 RNAi construct KK112684. Most likely inx7 is not involved in
Drosophila cold nociception due to weak expression in Class III da neurons, partnered
with the inconsistencies in the behavioral data. This could also hold true for inx6 because
it also had weak expression and only one RNAi construct that showed significantly fewer
cringers.
shakB (inx8) and inx6 both had one RNAi line with significantly fewer cringers
when expressed in Class III da neurons, while the other line did not (Fig. 13). One
explanation for these differences observed in the behavioral data between RNAi
constructs for the same innexin is that some RNAi constructs are better than others. Short
hairpin RNA (shRNAi) constructs have been shown to be more effective than long
hairpin RNAi (lhRNAi) constructs in knocking down expression levels (Bartoletti et al.,
2017). shakB RNAi GD CG34358 is a long hairpin RNA we obtained from the Vienna
Drosophila Resource Center (VDRC). Because this line is a lhRNAi it could be less
effective at knocking down expression than a shRNAi. inx2 is a shRNA (HM S02481)
and it inhibited cringing more effectively than inx2 long hairpin RNA(JF02446) construct
(Fig. 13). These results agree with the idea that shRNA are more effective in
downregulating expression than lhRNAi. We also conducted behavioral assays for both
ogre (HMS02764) and inx3 (HMC05106) with dsRNA constructs. Previous studies show
that dsRNA is a very effective in knocking down expression, essentially silencing genes
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(Caplen et al., 2000; Clemens et al., 2000; Wang et al., 2014). However, the dsRNA for
inx3, RNAi construct HM C05106, did not repress cringing more than the shRNA inx3
HM 05245 (Fig. 13). However, since inx3 may not be expressed in Class III da neurons,
it suggests the shRNAi data may be a false positive. The lack of significance from the
dsRNA behavioral data for inx3 further supports the idea that this innexin is not involved
in Drosophila cold nociception. However, the dsRNA for ogre showed a significant
decrease in the number of cringers (Fisher’s Two-Tailed Exact Test, p<0.05).
Ogre Expression and Behavioral Data:
ogre was hypothesized to function in cold nociception, along with shakB and
inx2, due to its function in the Drosophila CNS (Lipshitz and Kankel, 1985; Holcroft et
al., 2013). Due to time constraints brought on by the COVID-19, a non-expression
control for ogre RNAi HMS02764 was not completed at this time. Therefore, the
Oregon-R wild-type was utilized as a control to compare ogre RNAi HMS02764 as a
preliminary analysis. When comparing the number of cringers for ogre RNAi HMS02764
and ogre RNAi JF02595 it is evident that ogre RNAi B44048 results in significantly
fewer cringers. Thus, ogre RNAi HMS02764 is a better construct, potentially due to it
being a double stranded RNAi (dsRNAi).
An ogre KO loss-of-function mutant was also tested in this study and further
showed ogre’s potential role in Drosophila cold nociception. This ogre KO allowed us to
investigate a complete silencing of ogre without any concern of off target
downregulation. The ogre KO was compared to wild-type to determine number of
cringers, it had 38% cringers which is far fewer than ogre RNAi JF02595 expressed in
Class III da neurons which had 59% cringers (Fig. 15). ogre KO was also shown to have
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a much smaller average percent cringe in comparison with both ogre RNAi constructs
(Fig. 14). The ogre KO has a similar curve as the TNTE plot, and this could show that
ogre is potentially as involved in nociception as chemical synapses. Further studies
should look into how the cringe response is affected when knocking down both TNTE
and ogre in Class III da neurons. ogre was shown to be expressed in Class III da neurons,
and both the ogre KO and both RNAi constructs when expressed in Class III da neurons
resulted in significantly fewer cringers. Together this is very strong evidence to support
ogre’s potential involvement in Drosophila cold nociception.
Future Directions:
Due to the COVID-19 pandemic and the time limitation of a Masters thesis, there
are multiple lines of inquiry that need to be pursued in the future. There is strong
evidence that ogre (inx1) may play a significant role in cold nociception. Therefore, Class
III da neurons cell isolation must be repeated. In this way, it can be verified that ogre
expression is knocked down. Further, it is possible that ogre has an indirect effect on cold
nociception. In previous studies loss of ogre expression disrupts the development of the
CNS (Lipshitz and Kankel, 1985; Holcraft et al., 2013). Therefore, more detailed
confocal microscopic analysis of the ogre RNAi and mutant lines should be conducted.
Another aspect that was not covered in this study was if the potential Innexins
involved in cold nociception are potentially forming heterotypic gap junctions. Previous
studies have shown that Ogre (Inx1) and Inx2 will form heterotypic gap junctions, so it’s
reasonable that this also might be true in Class III da neurons (Holcroft et al., 2013).
Ogre has also been shown to not form homotypic gap junctions, further supporting the
hypothesis that Ogre could be forming heterotypic gap junctions in Class III da neurons
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(Holcroft et al., 2013). Currently, we are attempting to create a line of flies that carry an
RNAi for both ogre and inx2, allowing us to downregulate both Innexins when crossed to
our 19-12 Gal4 driver. ogre RNAi construct HMS02764 and inx2 RNAi HM S02481 will
most likely be used for creating this stock since both are the most successful at
downregulating their innexin’s expression based on the behavioral data (Figure 13 and
Figure 15). If these two Innexins form heterotypic gap junctions in Class III da neurons,
we expect simultaneous knock down of both of them should inhibit cringing to a greater
extent than either one singularly.
Overall Study Conclusions:
By examining both the expression data and the behavioral data, Innexins are
likely playing a role in Drosophila cold nociception. First, they are expressed in the
peripheral neurons previously shown to be involved in cold nociception. In addition,
comparing the behavioral data and the expression data the innexins that are the strongest
candidates to be involved in cold nociception are ogre, inx2, zpg, inx5 and shakB.
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